This study was conducted to determine the sensitivity of dual-isotope single-photon emission computerized tomography (SPECT) in predicting tumor recurrence and survival in patients treated with high-dose radiotherapy for malignant gliomas.
radiation therapy. Many patients then receive stereotactic radiation boost therapy using either radiation implants [20, 34] or radiosurgery, [28] which have been shown to be effective in increasing survival time in selected patients. [8, 17, 19, 20, 28, 30, 34 ] Although a few patients are rendered free of progressive disease for several years by this therapy, the majority will eventually experience tumor recurrence, usually in the margins of the treatment field. [10, 13] However, high-dose (greater than 60 Gy) radiotherapy often produces exuberant gliosis and edema in the months following treatment that is clinically indistinguishable from recurrent tumor growth by standard radiographic means. [3, 9, 10, 13, 33] Biopsy may be of limited diagnostic value because of sampling error. [4] Functional imaging with thallium-201 (Tl-201) single-photon emission computerized tomography (SPECT) has recently been reported to be useful in predicting the presence and location of recurrent brain tumor after debulking and radiation treatment. [1, 15, 16, 21, 22, 29, 35] This technique has been found to be equal in accuracy to fluorine-18 deoxyglucose positron emission tomography for this purpose. [1, 15] The radioisotope Tl-201 is a potassium analog that requires a disrupted blood-brain barrier (BBB) to gain access to the brain and is then taken up in proportion to the activity of the sodium-potassium adenosine triphosphatase pump. Previous reports that analyzed survival as a function of Tl-201 uptake in small populations did not analyze either the pattern of recurrence or the original tumor grade. [18, 32] There have been no previous reports correlating survival time with findings on dual-isotope SPECT using Tl-201 and Tc-99m hexamethylpropyleneamine oxime (HMPAO). It has been shown that dual-isotope SPECT using Tc-99m HMPAO, a brain perfusion agent that crosses the intact BBB, is more accurate than Tl-201 alone in discriminating radiation changes from recurrence. [5, 27, 36] The present report correlates the results of dual-isotope SPECT scanning with survival times and histopathological findings in a large population of patients treated with radiotherapy for either an AA or a GBM.
CLINICAL MATERIAL AND METHODS

Patient Population
Fifty consecutive patients, ranging in age from 21 to 75 years (mean 46.5 years), with supratentorial high-grade astrocytomas were included in our analysis. Thirty-eight patients were initially diagnosed as having a GBM and 12 were initially diagnosed with an AA. Some of these patients were included in a preliminary report from this institution. [5] All patients were treated initially by bulk tumor resection, conventional radiotherapy (1.8 Gy daily, 5 days/week, for a total dose of 59.4 Gy), and high-dose local radiotherapy, consisting of either iodine-125 radiation implants (12 patients) or stereotactic radiosurgery using a 6-MV linear accelerator (38 patients). Implants (brachytherapy) produced an approximately 50 Gy minimum dose over a 5-day period, and radiosurgery produced a 10 to 20 Gy dose in a single fraction. These two dose schemes provided similar tumoricidal effects within the treatment volume. [20] Only patients who experienced worsening of symptoms 3 months after high-dose local radiotherapy were analyzed; no patient was imaged with SPECT before the 3 month postoperative period to allow any immediate effects to resolve. Computerized tomography and/or magnetic resonance imaging in each patient showed postoperative changes in the region of the tumor bed and an irregular mass with heterogeneous peripheral enhancement and a hypocellular fluidic matrix centrally. Both the size of the mass and the degree of surrounding edema had increased in each patient since the time scans were obtained after the initial postoperative period. Dual-isotope SPECT was performed within 24 hours of the CT or magnetic resonance images.
Imaging Protocol
After receiving an intravenous injection of 3 mCi (111 MBq) of thallium chloride, all patients underwent imaging with a dedicated high-resolution brain SPECT system (CERASPECT brain imager; Digital Scintigraphics, Cambridge MA), which uses a single stationary annular sodium iodide crystal with an inside diameter of 31 cm and a thickness of 8 cm. Data acquisition began 5 to 10 minutes after tracer injection and continued for 30 minutes, collecting 120 projections with a 360° rotation of the collimators and using an energy window of 77 ± 15 keV. After completion of data acquisition, and without moving the patient, 20 to 30 mCi (740-1100 MBq) of Tc99m-HMPAO was injected intravenously. Data acquisition began 5 minutes after injection and continued for 30 minutes using dual energy windows (140 ± 14 keV and 119 ± 7 keV). Projections were processed and reconstructed using techniques detailed previously. [5, 27] The axial tomograms were displayed on a 128 X 128 matrix (1.67-sq mm pixel size) as a set of 64 slices (1.76-mm slice thickness). These slices were summed to give a final display of 21 slices, with a slice thickness of 5 mm. The spatial resolution was 7.8 mm (full width at one-half the maximum count) for Tl-201 and 7.4 mm for Tc-99m at 5 cm from the center. The Tl-201 axial tomograms were displayed using a color scale that identified the picture elements with the highest activity in the dataset (75% -100% of the maximum slice activity). The axial slice with the highest count density in the known tumor area was chosen for quantitative analysis. An elliptical region of interest (ROI) was drawn manually to encompass the area of the brightest pixels. A second polygonal ROI with a fixed width of two pixels (3.3 mm) was drawn over the contralateral scalp. A Tl-201 tumor/scalp activity ratio was obtained from the ratio of the average counts per pixel in these two ROIs. The Tc-99m HMPAO tumor/cerebellum ratio was determined from the average counts per pixel in an ROI copied from the corresponding Tl-201 tomogram and a polygonal ROI with a fixed 2-mm pixel width drawn over the cerebellar cortex (Fig. 1) . encompassing the contralateral scalp is used as an internal standard to define a ratio of uptake. Center: Axial Tc-99m HMPAO scan through the same level as the Tl-201 scan showing the ROI superimposed (arrow). An axial scan through the mid-cerebellum showing a 2-mm thick ROI band (arrowheads) including the cerebellar cortex at this level, which is used as an internal standard to define a ratio of uptake. Right: Axial CT scan obtained after the administration of intravenous contrast material through the same level as the SPECT scans showing the ROI superimposed on the scan, within an area of nonspecific heterogeneous enhancement (arrow).
Surgical Procedure and Pathological Diagnosis
In each case, maximal excision was performed so as to include all regions of abnormal Tl-201 uptake, and it was extended to include as much abnormally enhancing tissue as possible. Intraoperative motor and speech mapping was used when necessary, and in those few patients in whom eloquent cortex was identified within the surgical field, resection was accomplished to within 10 to 15 mm of its margins. Patients were followed for at least 1 year after the SPECT examinations or until the time of death.
Stereotactic biopsies were obtained using the Cosman-Roberts-Wells stereotactic apparatus (Radionics Inc., Burlington MA), based on image fusion between the SPECT and stereotactic CT scans. [14] All biopsies were obtained through individual burrholes before mannitol and furosemide administration to allow precise correlation of imaging and biopsy points without distortion of brain tissue. Complete resection of the necrotic tumor mass was then accomplished through a formal craniotomy. En bloc excisions were oriented at the time of operation. Tissues were fixed in 10% formalin and routinely paraffin embedded, cut, and stained with hematoxylin and eosin. Analysis of the stereotactic specimens was performed in such a manner as to allow exact correlation of the spatial coordinates of SPECT, CT, and magnetic resonance images with histopathological findings.
Histological evaluation of excised and biopsy tissue was performed with attention to several parameters. [7, 12] Sparse dysplastic astrocytes in a matrix of gliosis and necrotic tissue were believed to represent radiation changes (Fig. 2 upper) . The growth pattern of the recurrent or residual astrocytoma, when present, was recorded as either infiltrating tumor (that is, cells infiltrating intact brain parenchyma; 
Statistical Analysis
The reference point for this study was the date of the SPECT examination. Time from initial diagnosis to date of radiotherapy was determined, as was the time from treatment to SPECT study; the time from SPECT investigation to the endpoint (date of death or January 1, 1996) was also calculated. The main outcome was survival at 1 year following the SPECT examination. The Student's t-test was used to evaluate the significance of differences between the mean values of continuous variables (age and time from diagnosis to SPECT). The chi-square statistic was used to determine differences between dichotomous variables (namely gender, original tumor grade, and survival at 1 year) or ordinal data (histological data at reoperation) for SPECT uptake groups. The Fisher exact chi-square test was used when the events per cell were five or less. It should also be noted that because only single Tl-201 data points were analyzed, no attempt was made to correlate survival with tumor size or volume of resection.
Further analysis of the predictive power of SPECT data on mortality was performed using the methods of Kaplan and Meier. Survival curves were stratified by the calculated SPECT ratios. Differences were evaluated by the log-rank method. The possible effects due to confounding variables were controlled for by a Cox proportional hazards model that included as independent variables SPECT grouping, age, gender, and tumor grade. Significance was determined at the .05 level.
RESULTS
Single-Photon Emission Computerized Tomography Analysis
Low Tl-201 Uptake (ratio less than 2): Group I. There was no significant difference in the survival times of all patients with low Tl-201 uptake from that of patients with higher Tl-201 ratios. However, Tc-99m HMPAO values differentiated the patients with necrosis (those who showed low Tc-99m HMPAO uptake) from those with recurrent tumor (most of whom showed high Tc-99m HMPAO uptake, p less than 0.001).
Low Tc-99m HMPAO: Group IA. Seven patients had Tl-201 ratios less than 2 and Tc-99m HMPAO ratios less than 0.5. Six patients in this group had GBMs, and one had an AA. The patient with the AA had infiltrating tumor on biopsy. Six patients (85.7%) showed a radiation change only on biopsy, without evidence of active tumor growth. Six patients (85.7%) in this group were alive after 1 year, including the Fig. 3A) .
High Tc-99m HMPAO: Group IB. All four patients who had Tl-201 ratios less than 2 and Tc-99m HMPAO ratios greater than or equal to 0.5 had GBMs, and infiltrating tumor was noted on biopsy in each one (100%). None of these patients was alive at 1 year; one died from pneumonia and the others from tumor recurrence. The time to recurrence in these patients was approximately one-third of that in the other patients (4.25 months vs. 12.7 months); this difference did not reach statistical significance. These patients had significantly worse survival times than those in Group IA (p less than 0.025). Fig. 3 . Stereotactic computerized tomography (CT), thallium-201 (Tl-201), and technetium-99m (Tc-99m) hexamethylpropyleneamine oxime (HMPAO) scans obtained through the same axial level in patients from Groups IA, II, and III, respectively. In each case, arrows on the scans indicate the region within the treatment bed that corresponds to the site of maximal Tl-201 uptake (center). Note that the CT scans in each case show nonspecific postoperative changes with varying amounts of enhancement and necrosis. A: Scans in a patient from Group I. Thallium-201 lesion/scalp uptake ratio is low (less than 2) and the Tc-99m HMPAO lesion/cerebellum uptake ratio is low (less than 0.5); this patient showed benign radiation changes on biopsy. B: Scans in a patient from Group II.
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uptake ratio is high (greater than 3.5) and Tc-99m HMPAO lesion/cerebellum uptake ratio is high (greater than 0.5); this patient had solid tumor on biopsy.
Uptake of Tl-201 Between 2 and 3.5: Group II. Low Tc-99m HMPAO: Group IIA. Group IIA consisted of 14 patients who had Tl-201 ratios between 2 and 3.5 and Tc-99m HMPAO ratios less than or equal to 0.5. Five patients had AAs and nine had GBMs. Of these patients, only one (7.8%) showed radiation changes on biopsy; this patient died within 5 months. The remainder of these patients had active tumor on biopsy; 11 (78.6%) of these patients had infiltrating tumor, and two (15.4%) had solid tumor on biopsy. Seven patients (50%) in this group were alive at 1 year; one died from a pulmonary embolus and the others from recurrent tumor (Fig. 3B) .
High Tc-99m HMPAO: Group IIB. Group IIB consisted of 10 patients (four with AAs and six with GBMs), none of whom had benign radiation changes. Six patients (60%) had infiltrating tumor, and four (40%) had solid tumor on biopsy. Four (40%) of the patients in this group were alive at 1 year. There was no significant difference in the pathological findings or the survival times in patients in Groups IIA and IIB.
Uptake of Tl-201 Greater than 3.5: Group III. Of 15 patients with Tl-201 ratios greater than or equal to 3.5, all had Tc-99m HMPAO ratios greater than or equal to 0.5, and 14 (93.3%) had recurrence in the form of solid tumor; the remaining patient with infiltrating tumor had an AA and was the only patient alive 12 months after SPECT examination. All others in this group had GBMs and were dead 1 year after SPECT studies. The survival time of patients in this group was significantly worse than the remainder of the patients (p less than 0.05; Fig. 3C ).
Intergroup Comparisons
For purposes of comparison, patients were stratified into three major groups: Group IA, Group II, and Group III (Table 1 ). There were too few Group IB patients to be considered as a separate group for statistical analysis; however, they were clearly different from patients in Group IA, and because there was no a priori reason to include those patients with any other group, they were excluded from further intergroup analysis. Patients in Groups IIA and IIB did not differ significantly in terms of pathological findings or survival time and so were grouped together for intergroup comparisons.
Histological Findings. Uptake in the three major groups was predictive of histological findings on reoperation. Significantly more patients in Group IA showed radiation changes only in their biopsy specimens (85.7%) than in Group II (4.2%; p less than 0.001). Significantly more patients in Group II had infiltrating tumor on biopsy (70.8%) than in either Group IA (14.3%; p less than 0.01) or Group III (6.7%; p less than 0.001), and significantly more patients in Group III had solid tumor (93.3%) than did those Group II (25%; p less than 0.001). There was no significant difference in the age of the patients in the three groups.
Survival Times. Patients in Group IA had significantly better survival times than those in Group II (85.7% vs. 41.7% alive at 1 year, p less than 0.05). Patients in Group II had better survival times than those in Group III (41.7% vs. 6.7% alive at 1 year, p less than 0.025). As Fig. 4 illustrates, the survival rates of these three groups were significantly different (p less than 0.0009), and survival rates were worse for those with higher SPECT scores. It should be noted that including the Group IB patients with either Groups II or III did not appreciably alter the results of the histopathological or survival analysis. The Cox proportional hazards model showed that the relative risk of mortality was strongly affected by the SPECT score. After controlling for variables such as tumor grade, gender, and age, only the SPECT score predicted survival time (p less than 0.005). 
Original Tumor Grade
The mean age of the 38 patients with GBMs (50.2 ± 13.8 years) was significantly greater than that of the 12 patients with AAs (34.8 ± 8.3 years; p less than 0.001). The time from treatment to the presumed recurrence was 9.86 ± 10.0 months for patients with the initial diagnosis of GBM, significantly shorter than that for patients with AA (18.7 ± 12.0 months; p less than 0.025). One patient with an AA showed radiation changes on biopsy, and all other patients with AAs had infiltrating tumor. Six patients with GBM showed radiation changes on biopsy, 11 of the 38 patients with GBM had infiltrating tumor, and the remaining 21 had solid tumor. Patients with AAs had longer survival times than those with GBM; of the 12 patients with AAs, nine (66.7%) were alive at 1 year, whereas 11 (29.7%) of the 37 patients with GBMs were alive at 1 year (p less than 0.05). There was also an apparent effect of gender on original tumor type in our patients; 10 (83.3%) of the 12 patients with AAs were women, whereas 31 (81.6%) of those with GBMs were men (p less than 0.05). The importance, if any, of this association is unclear.
The SPECT uptake groups correlated with original tumor grade. Patients with AAs were more likely to be in Group II, and patients with GBMs to be in Group III (p less than 0.05). However, the difference in survival times between Group II and Group III was independent of original tumor grade. Among the patients with GBMs, those in Group II had a significantly better survival time than those with GBM in Group III (p less than 0.01).
Comparison of Isotope Uptake
Technetium-99m HMPAO levels were predictive of survival; patients with low Tc-99m HMPAO uptake had significantly better survival times than did those with high Tc-99m HMPAO (p less than 0.01). Uptake of Tl-201 and Tc-99m HMPAO was also correlated (r = 0.58; p less than 0.005).
The efficacy of results obtained for single-and dual-isotope SPECT examinations in the determination of recurrent tumor were as follows. For single-isotope SPECT using Tl-201 alone and a cut-off of 2, the sensitivity was 88.4%, the specificity was 85.7%, the negative predictive value was 54.5%, and the positive predictive value was 97.4%. The sensitivity of Tc-99m HMPAO scans alone using a cut-off of 0.5 was 67.4%, the specificity was 100%, the negative predictive value was 33.3%, and the positive predictive value was 100%. For dual-isotope SPECT (Tl-201 cut-off of 2 and Tc-99m HMPAO cut-off of 0.5), the sensitivity was 97.4% and the specificity was 85.7%, resulting in an accuracy of 98.0%. The negative predictive value was 85.7% and the positive predictive value was 98.0%.
DISCUSSION
The survival of patients after therapy for malignant gliomas has been correlated with various factors including original tumor diagnosis and patient age [6] , but few investigators have assessed the utility of SPECT data for predicting survival after treatment. Kosuda, et al. [18] and Vertosik, et al. [32] showed an inverse relationship between Tl-201 uptake at reoperation and survival time; however, those authors examined relatively small groups of glioma patients and only a single Tl-201 cut-off was used, limiting the applicability of the results to a larger population of patients. The present investigation expands these earlier analyses by establishing more detailed correlations of SPECT data with histopathological findings and patient survival time in a large homogeneous population of patients with high-grade astrocytomas. In agreement with preliminary results in previous studies, [5, 27] we found that all patients with Tl-201 lesion/scalp ratios greater than 3.5 had high Tc-99m HMPAO uptake (greater than 0.5 that of the cerebellum) as well; these patients (Group III) tended to have highly cellular tumor recurrences on biopsy and had worse survival times at 1 year than all other patients. We further defined a subgroup of patients with Tl-201 uptake ratios between 2 and 3.5 (Group II), which was composed predominantly of patients with less cellular tumor recurrences and with better 1-year survival times (42%) than the patients in Group III (7% 1-year survival); in Groups II and III, Tc-99m HMPAO uptake did not contribute significantly to the results of the analysis.
In patients with Tl-201 uptake ratios less than 2 (Group I), Tc-99m HMPAO uptake predicted both the histopathological findings and survival at 1 year. Only those patients in Group I who also had low Tc-99m HMPAO uptake showed benign radiation changes in their biopsies at reoperation (Group IA), and they had an excellent 1-year survival time (85.7%); all of those in Group I with high Tc-99m HMPAO uptake had recurrent infiltrating tumor on biopsy (Group IB) and were dead within 1 year. There was a significant difference in survival times between Groups IA and IB; indeed, patients in Group IA had significantly better survival times at 1 year than all other patients. The benefit of Tc-99m HMPAO SPECT examination in the setting of low Tl-201 uptake may relate to differences in the mechanism of uptake of the two isotopes. Thallium-201 uptake requires a disrupted BBB to gain entry into the brain parenchyma, whereas Tc-99m HMPAO does not. Based on the short time for recurrence and poor outcome of the patients in Group IB, it is possible that at the time of SPECT scanning, tumor was infiltrating rapidly through brain tissue. Under these circumstances, perfusion (and therefore Tc-99m HMPAO uptake) may have increased due to angiogenesis [11, 25] prior to significant BBB disruption. If so, early tumor regrowth in such cases may be signaled by increased Tc-99m HMPAO uptake before Tl-201 uptake is perceptibly altered. Further consideration of these points would require serial SPECT scans with pathological correlation.
Although we found that high Tc-99m HMPAO uptake predicts recurrent tumor and poor survival and also correlates with Tl-201 uptake, we do not recommend the use of Tc-99m HMPAO alone for the determination of recurrent tumor. Low Tc-99m HMPAO uptake may occur in the presence of recurrent tumor (and increased Tl-201) if radiation damage to the surrounding normal brain interferes with angiogenesis (that is, Group IIA). [25] More important, islands of normal brain within a treatment field may be mistaken for recurrent tumor if Tl-201 is not used to ensure that these are associated with BBB breakdown. Specifically, although SPECT scanning using Tc-99m HMPAO alone is associated with a very high specificity and positive predictive value in the evaluation of recurrent tumor, it has a sensitivity of 67% and a negative predictive value of only 33%. Thus, in the setting of possible tumor recurrence, Tc-99m HMPAO scanning is best performed as part of a dual-isotope SPECT study. Indeed, our data indicate that dual-isotope SPECT using both Tl-201 and Tc-99m HMPAO determines recurrent tumor after radiotherapy with greater accuracy than is possible with SPECT scanning using either isotope alone.
We found that SPECT scanning also correlated with initial histological appearance of the tumor. Almost all of the patients with AAs were in Group II; and in agreement with other authors, [8, 19] we found that patients with AAs had less aggressive disease both in terms of the rapidity of regrowth after radiotherapy and the cellularity of the recurrence than did patients with GBMs. However, even among the patients with GBM, significantly more in Group II were alive at 1 year than in Group III. Indeed, the correlation of Tl-201 uptake with survival time was independent of tumor type, age, or gender.
The ability of SPECT scanning to predict long-term survival before reoperation deserves further comment. All patients were initially treated with bulk resection followed by radiotherapy of sufficient dosage to control tumor within the field; [26] thus, regions of high Tl-201 uptake on SPECT scanning obtained several months after radiotherapy most likely represented the continued growth of tumor cells that were just outside the center of the radiation field (marginal failures). Although repeat surgery was then performed to remove as much pathological tissue as possible, including the regions of abnormal Tl-201 uptake, in most cases recurrences occurred; furthermore, the activity of the tumor cells (as inferred from survival times) was predicted by the preoperative Tl-201 uptake in the region of the tumor bed. This implies that the recurrences represented centripetal growth of tumor cells that had already spread beyond the margins of grossly abnormal tissue at the time of the reoperation. [2, 31] Accurate determination of death rates resulting from tumor growth in patients with malignant astrocytomas is inherently difficult because of the generally debilitated status of these individuals after therapy. Several patients in our series who did not experience recurrence died from such conditions as pneumonia, sepsis, and pulmonary embolism. In other cases, fatal systemic illnesses intervened in patients with known recurrence, whereas in others, autopsies were not performed so the cause of death could not be specifically determined. For purposes of survival analysis, however, all fatalities were considered to be equivalent. This may have resulted in a conservative bias in the low-uptake group and an overestimation of the death rate due to recurrence in the high-uptake group. Similarly, although histological data at the time of reoperation were used as the standard to determine the efficacy of SPECT scanning, in fact, pathological diagnosis can be problematic in the setting of radiation effects. It may be particularly difficult to distinguish reactive astrocytosis from infiltrating neoplastic glial cells in these patients. [3] In the present study, the one patient with the false-positive SPECT result died from recurrent tumor 5 months after biopsy, and the patient with the false-negative study remains alive 20 months after biopsy. These findings suggest that SPECT studies may have been more accurate than histological findings in predicting the proliferative capacity of the abnormal astrocytes in these cases. Recently developed immunohistochemical methods such as bromodeoxyuridine uptake analysis are likely to be more effective than standard histological studies for determining the behavior of astrocytes in the tumor bed; [24] a recent study has shown a positive correlation between bromodeoxyuridine and Tl-201 uptake. [23] 
CONCLUSIONS
We conclude that dual-isotope SPECT scanning, in addition to effectively localizing sites of recurrent astrocytoma following high-dose radiotherapy, accurately predicts the histological appearance of tumor at reoperation and, more important, long-term survival of these patients. This information could be used to guide further therapy; in some circumstances, SPECT studies may obviate the need for repeat biopsy in the posttreatment period. Future studies may include the use of serial SPECT scanning obtained at intervals before and after treatment to help elucidate further the spatiotemporal patterns of growth of high-grade astrocytomas.
